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ABSTRACT Formins bind actin ﬁlaments and play an essential role in the regulation of the actin cytoskeleton. In this work we
describe details of the formin-induced conformational changes in actin ﬁlaments by ﬂuorescence-lifetime and anisotropy-decay
experiments. The results show that the binding of the formin homology 2 domain of a mammalian formin (mouse mDia1) to actin
ﬁlaments resulted in a less rigid protein structure in the microenvironment of the Cys374 of actin, weakening of the interactions
between neighboring actin protomers, and greater overall ﬂexibility of the actin ﬁlaments. The formin effect is smaller at greater
ionic strength. The results show that formin binding to the barbed end of actin ﬁlaments is responsible for the increase of
ﬂexibility of actin ﬁlaments. One formin dimer can affect the dynamic properties of an entire ﬁlament. Analyses of the results
obtained at various formin/actin concentration ratios indicate that at least 160 actin protomers are affected by the binding of a
single formin dimer to the barbed end of a ﬁlament.
INTRODUCTION
Formins are evolutionary conserved proteins with complex
domain structure and play essential roles in the regulation of
the dynamic organization of the cytoskeleton. Formins exert
their effects in processes as diverse as cytokinesis, actin cable
formation, cell polarity determination, stress ﬁber formation,
vesicular trafﬁcking, and stabilization of microtubules in a
wide range of organisms (1–7). A common characteristic
feature of the formin family of proteins is the presence of a
formin homology 2 domain (FH2) that has a key role in the
multiple effects of formins on actin dynamics. Cooperating
with the proﬁlin binding FH1 domain, the FH2 domain ap-
pears to play a central role in the promotion of actin assembly
(8–10). It was previously established that the functional form
of the FH2 domain is dimeric (10–12). mDia1-FH2 can bind
tightly to the barbed end of actin ﬁlaments (10,11,13). The
members of a subfamily of formins, the diaphanous related
formins possess a speciﬁc diaphanous autoregulatory domain
on their C-terminus and a GTPase binding domain (GBD) on
the N-terminus. These domains regulate the activity of the
protein. The binding of Rho-GTPases to GBD causes the
release of the autoinhibitory interactions between GBD and
the diaphanous autoregulatory domain, exposing the FH1 and
FH2 domains (14–18).
Previous studies have provided little information regard-
ing the effect of formins on the conformational properties of
actin ﬁlaments. Based on the results of temperature-depen-
dent ﬂuorescence resonance energy transfer experiments, we
reported recently that mDia1-FH2 induced conformational
changes in the actin ﬁlaments in a formin-concentration-
dependent manner. On the basis of these observations, we
hypothesized that the binding of formins to the barbed end of
actin ﬁlaments makes the ﬁlaments more ﬂexible through
long-range allosteric interactions, whereas at higher formin
concentrations the side binding of mDia1-FH2 could stabi-
lize the protomer-protomer interactions and stiffen the struc-
ture of the ﬁlaments (19).
In this work, we carried out time-resolved ﬂuorescence
lifetime and anisotropy decay experiments to further explore
the effect of mDia1-FH2 on the dynamic and conformational
properties of actin ﬁlaments. Fluorescence lifetime experi-
ments showed that formin binding induced local conforma-
tional changes in the vicinity of Cys374. Analyses of the
anisotropy decay experiments corroborated our previous
conclusion (19) that mDia1-FH2 makes the structure of the
actin ﬁlaments more ﬂexible. The formin effect on the actin
ﬁlaments was dependent on ionic strength. The actin concen-
tration independence of the formin effects indicated that it
was the binding of formin fragments to the barbed end that
loosened the ﬁlament structure by long-range allosteric
effects. Based on the observations, we estimated that the
binding of one mDia1-FH2 dimer could affect the confor-
mation of at least 160 actin protomers in a ﬁlament.
MATERIALS AND METHODS
Protein preparations
The FH2 fragments of mammalian formin mDia1 (mDia1-FH2) were
prepared as in Shimada et al. (11). The mDia1-FH2 fragments were
expressed as glutathione transferase fusion proteins in Escherichia coli
BL21 (DE3)pLysS strain. Transformed cells were multiplied and the protein
expression was induced with isopropyl-ß-D-thiogalactopyranoside. The
clariﬁed cell lysate was loaded onto a GSH column (Amersham,
Buckinghamshire, UK). The separated glutathione transferase formin has
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been cleaved with thrombin and eluted from the column. For further puri-
ﬁcation we used size-exclusion chromatography (Sephacryl S-300). After
photometrical determination of the concentration (extinction coefﬁcient was
e280 ¼ 21,680 M1 cm1at 280 nm, which was estimated with ProtParam,
http://us.expasy.org/tools/), the puriﬁed protein was frozen in liquid nitrogen
and stored at 80C. The formin concentrations are given as mDia1-FH2
monomer concentrations throughout this article, unless stated otherwise.
Acetone-dried powder from rabbit skeletal muscle was obtained as
described earlier (20). Rabbit skeletal-muscle actin was prepared according
to Spudich and Watt (21). The actin was further puriﬁed by Sephacryl S-300
column chromatography and stored in 4 mM Tris-HCl, pH 7.3, 0.2 mM
ATP, 0.1 mM CaCl2, 0.5 mM DTT (buffer A). Before the ﬂuorescence
measurements, the actin monomer (G-actin) solution was clariﬁed by a 1-h
ultracentrifugation at 100,0003 g. Concentration of G-actin was determined
spectrophotometrically with the absorption coefﬁcient of 0.63mg1 ml cm1
at 290 nm (22), using a Shimadzu UV-2100 spectrophotometer. Relative
molecular weight of 42,300 was used for G-actin (23).
Actin was labeled with IAEDANS at Cys374 (Fig. 1), according to Miki
and co-workers (24). The concentration of the ﬂuorescence dye in the pro-
tein solution was determined using the absorption coefﬁcient of 6100 M1
cm1 at 336 nm for IAEDANS bound to actin (25). The extent of labeling
was determined by photometry and was found to be 0.8–0.9 mol/mol of actin
monomer.
Before the polymerization of actin, Mg-G-actin was prepared from Ca-G-
actin by the addition of EGTA and MgCl2 to the ﬁnal concentrations of
0.2 mM and 0.05 mM, respectively, and the solution was incubated for
10 min at room temperature.
Fluorescence lifetime and anisotropy decay
measurements
Samples were prepared by mixing Mg-G-actin and mDia1-FH2 to establish
the desired protein concentrations. The samples were polymerized by the
addition of MgCl2 and KCl to the ﬁnal concentrations of 0.5 mM and
10 mM, unless stated otherwise. The samples of actin ﬁlaments and formin
were incubated overnight at 4C before the ﬂuorescence experiments.
Fluorescence lifetime and emission anisotropy decay were measured at 22C
with an ISS K2 multi-frequency phase ﬂuorometer (ISS Fluorescence Instru-
mentation, Champaign, IL) using the frequency cross-correlation method.
The measurements were carried out in a thermostated sample holder. The
temperature was maintained using a HAKE F3 water bath. The excitation
light source was a 300 W Xe arc-lamp and the excitation light intensity was
modulated with a double-crystal Pockels cell. Excitation wavelength was set
to 350 nm and the emission was monitored through a 385FG0325 high-pass
ﬁlter. The phase delay and the demodulation of the sinusoidally modulated
ﬂuorescence signal were measured with respect to the phase delay and the
demodulation of a standard reference substance. Freshly prepared glycogen
solution was used as a reference (lifetime ¼ 0 ns). In anisotropy decay
measurements the sample was excited with polarized light. The ﬂuorescence
lifetimes and rotational correlation times were determined using nonlinear
least-square analysis carried out with the ISS187 decay analysis software.
The goodness of ﬁt was determined from the value of the reduced x2.
In ﬂuorescence lifetime measurements all data were ﬁt to double-
exponential decay curves or to a unimodal Gaussian distribution, assuming a
constant, frequency-independent error in both phase angle (60.200) and
modulation ratio (60.004). In double-exponential lifetime analyses the
average ﬂuorescence lifetimes were calculated as
taver ¼ ðt1a11 t2a2Þ=ða11a2Þ; (1)
where taver is the average ﬂuorescence lifetime, and ai and ti are the indivi-
dual amplitude and lifetime, respectively.
The anisotropy is expected to decay as a sum of exponentials (26). The
row data were ﬁtted to a double exponential function:
rðtÞ ¼ r1 expðt=f1Þ1 r2 expðt=f2Þ; (2)
where f1 and f2 are the two rotational correlation times with amplitudes
r1 and r2, respectively. The limiting anisotropy recovered at zero time is
given by
R0 ¼ r11 r2: (3)
The two-dimensional angular range of the cone, Q, within which the
ﬂuorophore performs wobbling motion can be related to the amplitudes of
the two rotational modes resolved in anisotropy decay measurements (27):
ðr1=ðr11 r2ÞÞ ¼ ðcos2Qð11 cosQÞ2Þ=4: (4)
Here, r1 is the amplitude of the slower of the two exponential decay
components.
RESULTS
The effect of mDia1-FH2 on the ﬂuorescence
lifetime of IAEDANS-actin
Fluorescence probes attached to proteins can reﬂect the
conformational changes in their microenvironment. In our
FIGURE 1 Schematic representation of an actin ﬁlament. The tube
representation shows ﬁve actin monomers in a ﬁlament. Dark circles indicate
the approximate position of the Cys374 residue, which was labeled in this
study with a ﬂuorescence probe.
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experiments, the ﬂuorescence lifetime of IAEDANS at-
tached to Cys374 was investigated to characterize the effect
of mDia1-FH2 on the structure of actin ﬁlaments. In these
measurements, 20 mM actin was polymerized in the presence
of various concentrations of mDia1-FH2 (0–5 mM). The
modulation and phase data were obtained between 5 MHz
and 80 MHz (Fig. 2 A). The analyses of the ﬂuorescence
lifetime measurements were carried out using one-, two-, or
three-exponential decay models. The double-exponential
analyses (x2 ¼ 1–3) gave better ﬁts than the single-
exponential ﬁts (x2 ¼ 6–12). When the sum of three expo-
nentials was used, the goodness of the ﬁt did not improve as
compared to the double-exponential ﬁts, indicating that the
assumption of two exponential decay components gave the
best description of the physically veritable lifetimes. The ex-
perimental data were analyzed assuming unimodal Gaussian
lifetime distributions as well, which also proved to be a
powerful tool in the analyses of ﬂuorescence lifetime mea-
surements (28–31). The average lifetimes from double-ex-
ponential analyses (taver) (Eq. 1) and the mean ﬂuorescence
lifetimes from Gaussian analyses were used for the inter-
pretation of the ﬂuorescence lifetime results.
Both types of analyses showed that the ﬂuorescence life-
time of IAEDANS decreased from ;20 ns in the absence of
formins to;18.5 ns in the presence of mDia1-FH2 (Fig. 2 B).
The decrease of the ﬂuorescence lifetime was formin-
concentration-dependent below 500 nM mDia1-FH2 and
became formin-concentration-independent above this con-
centration. The effect of formin on the ﬂuorescence lifetimes
indicated that the binding of mDia1-FH2 modiﬁed the micro-
environment of the Cys374 in actin ﬁlaments.
The effect of mDia1-FH2 on the dynamic
properties of actin ﬁlaments
The difference in the local conformation of the protein matrix
around Cys374 could reﬂect the modiﬁcation of a larger seg-
ment or the entire actin ﬁlament. Our previous study indi-
cated that such larger-scale formin-induced conformational
changes were present in actin ﬁlaments (19). To further
characterize the formin-induced conformational changes in
actin ﬁlaments the anisotropy decay of the IAEDANS-actin
ﬁlaments was measured between 2 MHz and 100 MHz. The
obtained frequency-dependent phase and modulation data
were analyzed with double-exponential ﬁts (Eq. 2)(26). In
these analyses, two rotational correlation times were deter-
mined. We attributed the shorter rotational correlation time
(f2) to the motion of the probe relative to the protein, but the
longer one (f1) to the motion of the protein matrix. The
former one ranged between 2 ns and 4 ns in our experiments
and showed little formin-concentration dependence (Fig. 3 A,
inset). The longer rotational correlation time was;700 ns in
the absence of formin, similar to that observed in previous
works (32,33). The value of this parameter decreased to
;100 ns in the presence of 500 nM mDia1-FH2 and
remained formin-concentration-independent above this con-
centration (Fig. 3 A). Previously it was established that the
value of the longer correlation time is inversely proportional
to the ﬂexibility of the actin ﬁlaments (32,34–37). Therefore,
the formin-induced decrease of the rotational correlation
FIGURE 2 mDia1-FH2 affects the ﬂuorescence lifetime of IAEDANS-
actin ﬁlaments. (A) The frequency-dependent phase (solid circles) and mod-
ulation (crosses) data from ﬂuorescence lifetime experiments with 20 mM
actin in the absence of formin. Solid line indicates the results from double-
exponential ﬁts. The upper panel shows the differences between the mea-
sured values and those calculated from the nonlinear least-square analyses.
(B) The mDia1-FH2 concentration dependence of the ﬂuorescence lifetime
measured at 20 mM actin. The ﬁgure shows the average lifetimes (solid
circles) from double-exponential ﬁts and the mean lifetimes (open circles)
from Gaussian analyses. The experiments were carried out at 0.5 mMMgCl2
and 10 mM KCl.
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time suggested that the interactions between neighboring pro-
tomers became weaker, and the actin ﬁlaments became more
ﬂexible, due to the binding of the mDia1-FH2 (see Dis-
cussion). It was observed that at a lower actin concentration
(5 mM), mDia1-FH2 (.500 nM) could stabilize the structure
of actin by binding to the sides of the ﬁlaments (19). This
stabilization effect required high formin/actin concentration
ratios where the formin ‘‘cramps’’ interacted with most of
the actin protomers in a ﬁlament. This property of formins
was not observed in this study because the actin concentra-
tions were higher (.20 mM) than that applied in our pre-
vious work (5 mM), and thus the formin/actin concentration
ratio was ,1:4 even at the highest formin concentrations.
The amplitudes of the rotational correlation times (r1 and
r2) were also found to be formin-concentration-dependent
(Fig. 3 B, inset), indicating that the relative contribution of
the two rotational modes to the anisotropy decay was modi-
ﬁed by the binding of formin. The value of the R0 (Eq. 3) was
smaller in the presence of mDia1-FH2 than in the absence of
it (Fig. 3 B). The formin dependence of this parameter was
well pronounced below 500 nM mDia1-FH2, where R0 de-
creased to 0.265, whereas its value did not change above this
concentration. The decrease of the R0 was attributed to the
less rigid protein structure around the bound ﬂuorophore and
reﬂected the loosening effect of mDia1-FH2 on the micro-
environment of the Cys374.
Using the amplitudes determined from anisotropy decay
experiments, further information could be obtained regard-
ing the microenvironment of Cys374. The theory established
by Kinosita and his colleagues (27) assumes that the rotating
object characterized by the anisotropy decay measurements
can be approximated by the simple geometrical shape. In our
experiments, the exact shape of the rotating unit could not be
properly determined (see Discussion). We assumed—as an
approximation—that the rotating unit is a sphere that under-
goes isotropic rotational diffusion. The uncertainty attributed
to this assumption probably did not allow the determination
of the absolute values of the angular range of the rotations.
However, the comparison of estimates obtained from these
analyses in the absence and presence of formins were suit-
able to describe the formin-induced modiﬁcations in the
structure of the actin ﬁlaments. In the model, the symmetry
axis of the probe is free to wobble through a limited angular
range (within a cone of a semi-angleQ). Assuming that either
the absorption or emission moment is parallel to the cylin-
drical axis of the ﬂuorophore (38), the two-dimensional
angular range, Q, within which the ﬂuorophore performs
wobbling motion could be related to the amplitudes of the
FIGURE 3 mDia1-FH2 inﬂuenced the anisotropy decay of IAEDANS-
actin ﬁlaments. (A) The mDia1-FH2 concentration dependence of the longer
rotational correlation times measured at 20 mM actin. (Inset) Values of the
shorter rotational correlation times as a function of [mDia1-FH2]. (B) The
formin dependence of the limiting anisotropy values determined from
anisotropy decay experiments. (Inset) Formin dependence of the amplitudes
of the shorter (open circles) and longer (solid circles) rotational correlation
times. (C) The mDia-FH2 concentration dependence of the half-angle of the
cone within which the ﬂuorophore rotated (Eq. 4). The errors presented are
standard deviations from at least three independent experiments. Experi-
mental conditions were as in Fig. 2.
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two rotational modes resolved in anisotropy decay measure-
ments. The application of this theory also requires that the
local motion of the label—reﬂected by the shorter correlation
time—is much faster than the global motion of the protein.
This requirement was fulﬁlled as we observed that the longer
rotational correlation times were at least one order of magni-
tude larger than the shorter ones. The semi-angle (Q) of the
cone within which the IAEDANS at Cys374 performs
wobbling motion was calculated using Eq. 4. The value of
the semi-angle was larger in the presence of mDia1-FH2 than
in the absence of it and followed formin-concentration
dependence (Fig. 3 C) similar to that of the longer rotational
correlation times (f1 in Fig. 3 A) and that of the R0 (Fig. 3 B).
The greater semi-angles observed in the presence of formin
corroborated our conclusions from the formin dependence of
the ﬂuorescence lifetimes (Fig. 2 B) and R0 (Fig. 3 B) that the
microenvironment of the ﬂuorescent probe was more ﬂexible
when the ﬁlaments were polymerized with mDia1-FH2.
The actin-concentration independence
of the formin effect
The ﬂuorescence parameters obtained at 20 mM actin were
formin-dependent below ;500 nM mDia1-FH2 and became
formin-independent above this concentration (Figs. 2 and 3).
In the next set of experiments, we investigated whether it
was the formin/actin concentration ratio (1:40), or the total
formin concentration (500 nM) that was responsible for this
observation. The ﬂuorescence experiments were repeated at
30 mM and 40 mM actin in the presence of various con-
centrations of mDia1-FH2 (0–5 mM). The longer rotational
correlation times, the amplitudes, and the R0 values are pre-
sented in Fig. 4 and indicate that regardless of the applied
actin concentration (20–40mM) the maximum formin-induced
effects in the structure of the actin ﬁlaments could be ob-
served at ;500 nM mDia1-FH2. The formin-concentration
dependence of the ﬂuorescence lifetimes and the calculated
semi-angles (Q) corroborated this conclusion (data not
FIGURE 4 The effect of mDia1-FH2 on actin ﬁlaments was independent
of the actin concentration. (A) The mDia1-FH2 concentration dependence of
the longer rotational correlation times determined at 30 mM (open circles)
and 40 mM (solid squares) actin concentrations. The dashed line indicates
the results with 20 mM actin. (B) The mDia1-FH2 concentration dependence
of the limiting anisotropy determined at 30 mM (open circles) and 40 mM
(solid circles) actin. Dashed line indicates the results with 20 mM actin from
Fig. 3 C. (Inset) Formin dependence of the amplitudes of the shorter
(squares) and longer (triangles) rotational correlation times at 30 mM (open
symbols) and 40 mM (solid symbols) actin. Dashed line indicates the results
with 20 mM actin. The errors presented are standard deviations from at least
three independent experiments. Experimental conditions were as in Fig. 2.
FIGURE 5 The effect of formins on actin ﬁlaments was dependent on
ionic strength. The ﬁgure shows the mDia1-FH2 dependence of the longer
rotational correlation times from ﬂuorescence anisotropy decay experiments
with 30 mM actin at 0.5 mM MgCl2 and 10 mM KCl (solid circles; LS) or
at 1 mM MgCl2 and 50 mM KCl (open circles; HS). The errors presented
are standard deviations from at least three independent experiments.
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shown). Above 500 nM the formin-concentration dependence
of the ﬂuorescence parameters became negligible. The actin-
concentration independence of the smallest formin concen-
tration at which the largest formin effect was observed
suggested that the total formin concentration determined the
appearance of the maximum formin effect, not the formin/
actin concentration ratio.
The ionic-strength dependence of the effects
In our recent study, we found that the effect of formins on the
actin ﬁlaments depended on the ionic strength (19). Consid-
ering this observation, in the work described here we mea-
sured the formin-concentration dependence of the rotational
correlation times at greater ionic strength (1 mM MgCl2 and
50 mM KCl) as well. In the absence of formins the value of
the longer rotational correlation time was independent of
ionic strength. The binding of mDia1-FH2 to actin ﬁlaments
resulted in the decrease of the longer rotational correla-
tion time (Fig. 5). At this higher ionic strength, the formin-
induced change of this parameter was only half of that
observed at lower salt (0.5 mM MgCl2 and 10 mM KCl).
These observations corroborated our previous observation
(19) that the formin-induced conformational changes in actin
were smaller at higher ionic strength.
DISCUSSIONS
The FH2 fragment of the mammalian formin mDia1 was
shown to have long-range allosteric effects on the confor-
mation of actin ﬁlaments (19). In this study, we investigated
the details of the formin-induced conformational transitions
by using time-dependent ﬂuorescence experiments, and
tested the mechanism by which formin-binding affects the
dynamic properties of the actin ﬁlaments.
The correlation times determined in our anisotropy decay
measurements cannot be characteristic for the rotation of the
whole ﬁlament (34,39) and thus their interpretation requires
the identiﬁcation of the parts of the proteins that were charac-
terized by these parameters. There are many motional modes
in an actin ﬁlament (Fig. 6). The correlation times attributed
to the different modes are distributed across a broad time
range. Different experimental methods are sensitive to dif-
ferent types of intramolecular motions. The bending motion
of the actin ﬁlaments was characterized by a correlation time
of ;10 ms (40). The correlation times determined by satu-
ration transfer electron paramagnetic resonance fell into the
hundreds-of-microseconds timescale (37,41). Transient ab-
sorption anisotropy experiments showed that the actin
ﬁlaments are more ﬂexible in twisting motion than in bend-
ing (42) and the correlation times are in the microsecond
range. We agree therefore with previous interpretations
(32,35,36) that the correlation times of a few hundred nano-
seconds in ﬂuorescence anisotropy decay experiments are
attributed to restricted segmental motion within the actin
ﬁlaments. The segment characterized by these correlation
times can be an actin protomer performing restricted motion
in the ﬁlament, or a set of a few neighboring protomers with
restricted and concerted motion. In this interpretation, the
decrease of the correlation time reﬂects the weakening of the
restrictions accompanied by the loosening of the physico-
chemical links between adjacent protomers in the actin
ﬁlament.
The rotational correlation times were ;100 ns at 0.5 mM
MgCl2 and 10 mM KCl, and ;300 ns at 1 mM MgCl2 and
50 mM KCl in the presence of formin (.500 nM mDia1-
FH2). We considered the possibility that mDia1-FH2 induced
the partial or complete depolymerization of actin. To exclude
this possibility, we measured the rotational correlation time
characteristic for actin monomers and found it to be 33 ns.
This value was in agreement with previous reports (31,36,43)
and was much shorter than the rotational correlation times
observed with actin ﬁlaments at saturating formin concen-
trations (;100 ns or ;300 ns (Fig. 5)). This observation
suggested that mDia1-FH2 did not depolymerize the actin
ﬁlaments. Previous observations further corroborated this
conclusion. The efﬁciency of the ﬂuorescence resonance
energy transfer between probes on different actin protomers
fell into the same range (40–60%) in the presence and
absence of mDia1-FH2 (19), which could not be the case if a
substantial proportion of the actin was depolymerized. One
would expect that the depolymerization effect of an actin-
binding compound increases with increasing stoichiometry
(up to 1:1). In contrast to this expectation, the longer rota-
tional correlation time was formin-independent in our experi-
ments above the mDia1-FH2 concentration of 500 nM (Figs.
3–5). According to previous results, the mDia1-FH2 frag-
ments did not change the critical concentration of actin
(10,19). At high centrifugation speed (400,000 3 g), the
actin contents of the pellets were independent of the presence
FIGURE 6 A scheme for the interpretation of the various modes of
motion of actin. Actin protomers in the ﬁlament are symbolized with circles.
Arrows indicate the approximate directions in which the actin can move
in the different modes.
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of mDia1-FH2 (19). Considering all these observations, we
excluded the possibility that mDia1-FH2 could depolymer-
ize the actin ﬁlaments. Based on previous results (13,44), it is
likely that the length distribution of actin ﬁlaments was
similar in the absence and presence of formin at the time of
our experiments (see discussion in Bugyi et al. (19)). The
observations from the Higgs group suggested that the FH2
domain from mDia1 did not bundle actin ﬁlaments (45).
According to these considerations the formin-induced de-
crease of the rotational correlation time was attributed to the
loosening effect of mDia1-FH2 on actin ﬁlaments.
The largest formin-induced changes in actin ﬁlament
could be observed in the presence of 500 nM mDia1-FH2.
This formin concentration is attributed to 250 nM formin
dimers, which are the functional unit of mDia1-FH2 (10,11).
We hypothesized that the binding of the mDia1-FH2 frag-
ments to the barbed end of actin ﬁlaments was responsible
for the long-range allosteric effects on the dynamic proper-
ties of the ﬁlaments (19). The concentration of the ﬁlament
ends was estimated as described earlier (46) and was in the
range of a few nM. Under the applied conditions, the formin
fragments were in large excess over the actin ﬁlament barbed
ends. If our hypothesis was correct then the formin effect
should be actin-concentration independent provided that 1),
the formin fragments are in large excess over the ﬁlament
ends; and 2), the binding of one formin dimer is enough to
change the conformation of the whole ﬁlament. We con-
ﬁrmed this expectation here by measuring the formin depen-
dence of the anisotropy decay parameters at various actin
concentrations (20–40 mM) (Fig. 4). The data set reported
here, together with our previous results, showed that the
formin effect was independent of actin concentration be-
tween 5 mM and 40 mM actin. Considering that mDia1-FH2
binds to the barbed end of actin ﬁlaments with an afﬁnity of
20–50 nM (10,13), we concluded that the mDia1-FH2
concentration (250 nM dimer) characteristic for the satura-
tion of the formin effects on actin ﬁlaments was required to
saturate the formin-binding sites on the barbed ends of actin
ﬁlaments.
The rotational correlation times were formin-concentration
independent above 500 nM mDia1-FH2 (Figs. 3 A and 4 A),
indicating that the binding of formin to a barbed end could
modify the conformation of the entire ﬁlament. The smallest
formin/actin concentration ratio was achieved at 250 nM
formin (dimers) and at 40 mM actin. Under these conditions
each mDia1-FH2 dimer bound to a ﬁlament of at least 160 actin
protomers. We concluded therefore that one mDia1-FH2
dimer could modify the conformation of at least 160 actin
protomers in an actin ﬁlament by long-range allosteric
interactions. Considering the ﬁnite afﬁnity of mDia1-FH2
for actin and the annealing activity of actin ﬁlaments, it is
likely that .160 protomers were affected by one mDia1-
FH2 molecule.
Similar long range allosteric interactions were observed
previously in actin ﬁlaments (47–52). Gelsolin binding to the
ﬁlament ends induced long-range allosteric interactions (52)
and altered the conformation of whole actin ﬁlaments (50).
These observations together with our present ﬁndings indi-
cate that the structure of actin ﬁlaments and the interprotomer
connections between neighboring protomers allow the pro-
pagation of the conformational changes induced at the ends
to distant locations along the actin ﬁlaments. It was proposed
that the conformational heterogeneity of the ﬁlaments is
correlated with the regulatory effects of actin-binding pro-
teins (51), and due to their inherent properties actin ﬁlaments
can serve as informational channels in the regulation of the
actin cytoskeleton (19,53).
CONCLUSIONS
We described in this study details of the formin-induced
conformational changes in actin ﬁlaments. The binding of
mDia1-FH2 to actin ﬁlaments resulted in a looser protein
structure in the microenvironment of the Cys374 in the ﬁla-
ments (Figs. 2 B and 3, B and C). In accordance with this
effect, the overall ﬂexibility of the actin ﬁlaments was also
increased by formins (Fig. 3 A), probably due to the weak-
ening of the interaction between neighboring protomers. The
formin effect was dependent on ionic strength (Fig. 5) in a
manner similar to that described in a recent publication (19).
The formin concentration required for the full formin effect
(;250 nM dimer) was independent of actin concentration
(Fig. 4), in agreement with the model in which formin bind-
ing to the barbed end of actin ﬁlaments increases the ﬂexi-
bility of the entire ﬁlament. The analyses of the formin effect
at various formin/actin concentration ratios showed that at
least 160 actin protomers were affected by the binding of a
single formin dimer to the barbed end of a ﬁlament.
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